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Water column structure, microphytoplankton size spectra and nutrient concentration were analysed at six sampling stations in the Celtic Sea. Three types of stations were distinguished: (i) where the upper mixed layer (UML) reaches the total depth (TD), (ii) where the UML is about half of TD and (iii) where the UML is considerably less than half the TD. The UML was nutrient rich at type A stations and was nutrient depleted at type B stations. At type C stations, the UML was nitrate depleted and silicate rich. Two groups of microplankton size-abundance spectra (SAS) were found: (i) a typical linear SAS and (ii) a more complex 'atypical' SAS, with a linear part up to 160 mm and a dome at 300 mm caused by a Coscinodiscus wailesii bloom. The dome was observed at all depths at type A stations and above the pycnocline and at the seafloor of type B stations. Combining intrinsic growth rate, sinking rate and mixing layer depth, the C. wailesii dome persists only at type A stations but settles out of the UML at the remaining stations. This suggests that a large part of the perturbation at the right extreme of phytoplankton SAS does not propagate along the planktonic SAS but sinks to the seafloor.
I N T R O D U C T I O N
An important task of marine science is to estimate the efficiency of the biological pump, which operates through the export of phytoplankton biomass to deep waters and sediments. It is recognized that cell size plays a crucial role in the physiology, productivity and the fate of phytoplankton biomass. Size dependence has been described for nutrient uptake (Malone, 1980; Raven, 1986) , growth rates (Banse, 1982) , sedimentation velocities (Smayda, 1970; Bienfang, 1980; Bienfang et al., 1983) and the relative dominance of new versus regenerated production (Dugdale and Goering, 1967; Legendre and Le Fèvre, 1989) . The latter authors present a 'bifurcation' model for the destination of cells larger and smaller than 5 mm equivalent spherical diameter (ESD) and conclude that 'hydrodynamical singularities' like turbulence, stratification, upwelling, and cell size are key factors in controlling whether primary production is either recycled or exported from the water column. Concerning physical forces that influence phytoplankton size structure, Ruíz et al. (Ruíz et al., 1996) showed that turbulence can recover cells from the bottom of the mixed layer if their sedimentation velocity is >1 m day -1 , and Rodríguez et al. (Rodríguez et al., 2001) demonstrated the direct influence of mesoscale vertical water velocities on the phytoplankton size structure through the increase of retention time of large cells within the euphotic zone. On the other hand, nutrient availability enhances the growth of large cells (Malone, 1980) , and changes in the carbon-specific photosynthesis spectra (Cermeño et al., 2005a, b) can influence phytoplankton size distribution. The most variable part of phytoplankton size-abundance spectra (SAS) is the microplankton fraction, in which the abundance of smaller cells is rather constant and plays a minor role in the variability of the slope of SAS (Rodríguez et al., 1998) .
The present paper focuses on the hydrodynamically sensitive size fraction of microplankton by analysing its size structure in relation to nutrient availability, mixing layer depth, growth rate and settling velocities. For this, six stations were sampled, covering the spatial heterogeneity of physical forcing in the Celtic Sea, from well mixed waters on the inner side of the Celtic Sea front towards the stable stratified waters in the central Celtic Sea, reaching the continental shelf and associated front (Gowen et al., 1995; Joint et al., 2001; Pemberton et al., 2004; Southward et al., 2005) . It was expected that the slope of SAS Denman, 1977 or Rodríguez and Mullin, 1986) of phytoplankton should be flatter where hydrodynamics facilitate the retention or suspension of large cells within the water column. We shall see that under the conditions of strong vertical mixing found inside of the Celtic Sea front, not only retention time but mixing layer depth and resuspension from the bottom are relevant physical forcing processes affecting the size structure of the pelagic community.
M E T H O D S
Six stations were sampled on the Propheze cruise, from 18 to 27 May 2000 on the RRS Discovery in the Celtic Sea (Fig. 1) . The sampling stations covered the spatial heterogeneity of physical forcing in the Celtic Sea, along a gradient extending from the well-mixed waters on the inner side of the Celtic Sea front (Station 1, Pemberton et al., 2004) towards the stable stratified waters in the central Celtic Sea and to the deeper waters of the continental shelf (Station 6). Water samples for microplankton (cells >20 mm ESD) and nutrient analysis were taken with a CTD-Rosette sampler.
Samples for dissolved nutrient concentrations were stored cold in the dark and determined within 4 h of sample collection by colorimetric autoanalysis using the methods of Brewer and Riley (Brewer and Riley, 1965) for nitrate, Grasshoff (Grasshoff, 1976) for nitrite and Kirkwood (Kirkwood, 1989) for silicate.
To study microphytoplankton (cells larger than $20 mm ESD), 4-L samples were taken at all depths within the vertical profile of the rosette cast and filtered through a 20-mm pore mesh by gravity. The particles retained were washed from the mesh with 50-70 mL of filtered seawater, placed in dark bottles and preserved with 2% Lugol's solution. In the laboratory, selected samples corresponding to different physical conditions were allowed to settle in Utermöhl chambers (Utermöhl, 1958) . As defined previously, all cells >20 mm ESD were counted and measured with an inverted microscope (Nikon TM2) connected to a VIDS-IV semiautomatic image analysis system. At least 400 cells were counted and measured at a magnification of Â40, Â100 and Â200. Cell volume was estimated by approximation to an ellipsoidal or cylindrical shape. SAS were obtained by classifying the cells in log 2 size classes (octave scale) and by presenting the log 10 of the abundance (cells mL -1 ) versus the log 10 of the geometric mean of the respective size class (mm 3 ). Owing to the concentration of the cells on a 20-mm pore mesh, the lower limit of the size spectrum is around 4000 mm 3 in terms of cell volume. The upper limit of the SAS depends on sample size (4 L in our case) and was defined as the size class containing a minimum of five cells to achieve a count accuracy of 50% in the less-abundant size class considered (Lund et al., 1958) .
R E S U L T S Water column structure and microplankton biovolume
From the coast to the continental shelf ( Fig. 1) , the water column at Station 1 was completely mixed and the five other stations were stratified (Fig. 2) . The stratification at Stations 3, 4, 5 and 6 was due to temperature, while Station 2 was influenced by freshwater ( Fig. 3) . Apart from the fresh water in the surface 50 m of Station 2, the salinity values decreased from 35.26 at the station on the continental shelf (Station 6) to values of 34.7 at the coastal mixed Station 1. Characterizing the sampling stations by the depth of the upper mixed layer (UML, determined as the layer above the maximum density gradient in 5 m intervals) and total depth (TD), three types of sampling stations were distinguished: (i) those where the UML equals TD (Station 1), (ii) those where the UML is about half TD Biovolume (µm 3 mL -1 ) x 10 5 Biovolume (µm 3 mL -1 ) x 10 5 Biovolume (µm 3 mL -1 ) x 10 5 (Stations 3 and 4) and (iii) those where the UML is less than half TD (Stations 5 and 6). The vertical structure of Station 2 was not included in this classification, as it was found to be strongly influenced by the advection of fresh water and is not considered in the further analysis.
The whole water column of the completely mixed station (Station 1) was nutrient rich, whereas the four stratified stations, especially Stations 4, 5 and 6, were characterized by a nitrate-depleted UML above the pycnocline, located at $30 m depth (Fig. 2) . The stratified type B stations were silicate depleted, whereas the type C stations were not, indicating silicate uptake from the water column by diatoms at type B station.
Highest biovolume concentration in the upper 30 m was observed at the completely mixed station (>6 Â 10 5 mm 3 mL -1 ). Among the thermally stratified stations, highest biovolume concentration ($3 Â 10 5 mm 3 mL -1 ) was observed at the shallowest station next to the front. The biovolume concentration at the stratified Stations 4, 5 and 6 reached only ($2 Â 10 5 mm 3 mL -1 ).
At the completely mixed station (Station 1), microplankton biovolume was dominated by diatoms at all depths (Table I) , the most abundant genus being Rhizosolenia sp., and the presence of several cells of Coscinodiscus wailesii (Gran and Angst, 1931) with 300 mm ESD was observed. At the stratified Station 3, dinoflagellates dominated in surface waters (5 m), and co-dominance of diatoms and dinoflagellates was observed in the proximity of the nutricline (21 and 30 m), while diatoms were predominant at 60 m. According to the oligotrophic conditions at Station 4, microplankton biovolume was dominated by dinoflagellates, the most abundant genus being Scrippsiella sp. The station closest to the shelf, Station 6, was again dominated by diatoms, but this time the most abundant genus was Corethron sp., a common diatom of Atlantic waters.
The composition of smaller-sized phytoplankton assemblages in surface water can be found in Pemberton et al. (Pemberton et al., 2004) .
Microplankton size structure
Analysis of the microplankton size structure showed two groups of spectra: (i) a linear, typical SAS and (ii) a more complex SAS, with a linear part up to 160 mm ESD and a dome with a maximum around 300 mm ESD (Fig. 4) . Typical linear spectra were found at the stratified oligotrophic stations (Stations 4, 5 and 6), whereas the mixed coastal station (Station 1) and the stratified shallow stations (Station 3) next to the front exhibited atypical spectra, with the dome of very large cells departing from the regularity expected for these kinds of distributions. This is particularly clear in the case of the vertically mixed Station 1, where this peculiar spectrum was found at all depths in the sampling profile. Size range extends up to 370 mm ESD because of the presence of very large cells of the species C. wailesii. The shallowest, stratified station next to the front (Station 3) exhibited spectra with a dome of very large cells above the pycno-nutricline (21 m) but especially close to the sea floor (60 m, Fig. 4 ), suggesting that C. wailesii is settling out of the UML. Despite their relatively low abundance, the large-celled population contributed significantly to total microplankton biovolume. The size distribution of biovolume in the surface layer of Station 1 (Fig. 5 ) reached 7.0 Â 10 5 mm 3 mL -1 , where 45% of biovolume corresponds to the nonlinear part of the spectrum (Table II) . In contrast, at the stratified oligotrophic Station 5, the biovolume in surface waters was one order of magnitude lower (0.7 Â 10 5 mm 3 mL -1 ) and distributed in smaller size classes (Fig. 5 ). Close to the bottom (60 m depth) of Station 3, abundance of cells >160 mm reached the highest absolute values (8.0 Â 10 5 mm 3 mL -1 ) and relative contribution (86%) to the microphytoplankton biovolume (Table II) .
D I S C U S S I O N
The size structure of the phytoplankton community is normally interpreted as the combined result of the physical structure and nutrient availability of the water column. Vertical stratification is frequently associated with nutrient limitation and regenerated production, based on the uptake of ammonium by small-celled phytoplankton populations. On the other hand, vertical mixing is usually associated with nitrate availability and new (and eventually export) production by large-celled phytoplankton populations (Dugdale and Goering, 1967; Malone, 1980) . When the community is described by SAS, these two situations correspond to steeper and flatter slopes of the SAS, mainly because of changes in the presence and abundance of large microplanktonic cells, since picoplankton as well as small nanoplankton (up to some 10 mm ESD) tend to be comparatively constant under these different environmental conditions (Rodríguez et al., 1998; Rodríguez et al., 2002) . In general, the spectra of marine phytoplankton are well described by a log-linear model with a slope close to -1 Fig. 4 . Size-abundance spectra corresponding to the microplankton biovolume shown in Fig. 2 . As an example for the lineal part of the SAS, a linear regression is fitted to the size range 20-160 mm for the surface sample at each station. (Sheldon et al., 1972; Rodríguez and Mullin, 1986; Sprules and Munawar, 1986) , but in extreme environments like Antarctic waters (Rodríguez et al., 2002) or highly variable physically controlled environments like coastal lagoons and other continental aquatic ecosystems (Quintana et al., 2002) , the spectra shape differs from the linear approximation. During the Propheze cruise, we found a different kind of departure from a linear model, that is, the presence, besides a linear SAS, of a dome of very large cells of the species C. wailesii, which extended the size range typically analysed for standard phytoplankton samples up to cells around 370 mm ESD.
According to their size, the sinking velocity during the active growth of the observed C. wailesii dome ($300 mm ESD) would be around 20 m day -1 (Smayda, 1970) . Furthermore, it is known that the sinking velocity of C. wailesii can increase 4-fold due to nitrate limitation, 11-fold by phosphate limitation and up to an order of magnitude by silicate limitation (Bienfang et al., 1982) . No measurements of settling velocity of C. wailesii were performed during the survey, and settling rates from the literature have been used, which might limit our approach. However, the settling behaviour of C. wailesii reflects a high probability of these cells leaving the photic zone.
According to Reynolds (Reynolds, 1997) , the persistence of non-motile particles in the pelagic depends not only on their low settling velocity (v s ) per se but also on the relationship between settling velocities and mixing depth (z m ). Thus, the cell population in the UML decreases exponentially with a loss rate (r l ) calculated as the ratio between sinking velocity (v s ) and mixed layer depth (z m ), leading to the model N t ¼ N 0 e Àðv s =z m Þt . Thus, the persistence of an exponentially growing population (N t ¼ N 0 e rt ) in the UML requires that the loss rate [r l = (v s /z m )] should be compensated by the intrinsic growth rate (r). In other words, r has to be equal or greater than r l .
Nishikawa et al. (Nishikawa et al., 2000) estimate maximum growth rate of C. wailesii as 0.7 day -1 at 20-258C and a salinity of 20-30‰. Considering the effect of temperature and salinity observed during the cruise (around 118C and 35‰, respectively), the maximum growth rate would be reduced to 0.41 day -1 (Nishikawa et al., 2000) , and only at Station 1 is the growth rate greater than the loss rate (Table III) . We have estimated the maximum growth rate (r max ) and sinking velocity (v s ) for octave size classes using the equations r max = 3.4v -0.13 (day -1 ) (Sarthou et al., 2005) and v s = 2.48r 1.17 (cm s -1 ) ( Jackson, 1989 in Kiørboe, 1993 . Considering the depth of the UML (z m ) of Stations 1, 3 and 4, we then obtain a growth-loss balance size-spectrum for these stations (Fig. 6 ). This simple approach suggests that cells >250 mm ESD can persist at the mixed station (Station 1), whereas at the shallow stratified stations (3 and 4), the loss rate of cells >250 mm ESD is greater than the growth rate. The biovolume for each size class was calculated from the SAS (Fig. 4) as follows: Bv i = n i x i , where Bv i is the biovolume corresponding to size class i, n i is the cell abundance in size class i and x i is the geometric mean of size class i. On the other hand, growth rate and primary production are not constant in the UML. Pemberton et al. (Pemberton et al., 2004) observed a subsurface primary production maximum (SPPM) at all sampling stations. The shallowest SPPM was observed at Station 1 (5 m), followed by Station 3 (10 m) and Stations 2, 4, 5 and 6 (15 m). Assuming the beginning of the settling process to be at the depth of SPPM rather than at surface, the settling time through the UML becomes shorter, and the maximum size class that persists in the UML reduces as the SPPM establishes close to the pycnocline. Thus, our approach is a conservative model referring to the largest size class expected in the UML. The shallower position of SPPM at Stations 1 and 3 when compared with the other stations is an additional factor that favours the presence of large cells at those locations. Joint et al. ( Joint et al., 1986) indicate that cells >5 mm are responsible for most of the carbon fixation during the spring bloom in the Celtic Sea, and Cermeño et al. (2005a, b) reported that carbon-specific photosynthesis increases with cell size under high irradiance and nutrient concentrations in coastal eutrophic waters. This could contribute to the observed perturbation in the SAS through enhanced growth of large Coscinodiscus cells at Station 1, where nutrients are high and the SPPM is located at a depth corresponding to 55% of surface irradiance (Pemberton et al., 2004) .
The fact that up to 50% of microplankton biovolume at Station 1 corresponds to C. wailesii is similar to the high relative contribution (67%) of this species to total chlorophyll a in a 40 m depth water column observed by Tada et al. (Tada et al., 2000) in Seto Island Sea, Japan. The authors indicate the importance of resting cells for the development of C. wailesii blooms. Thus, apart from the growth-loss rate balance, the TD of the water column is an important factor explaining the presence of C. wailesii in the UML, as it would need resuspension of seeding cells for its development. Ruíz et al. (Ruíz et al., 2004) showed that small-scale isotropic turbulence increases average settling velocity of phytoplankton and loss from the UML as long as the cells are not resuspended from the bottom boundary, which cancels downward but not upward flux of the particles. The authors conclude that the presence of large cells in the UML requires larger-scaled fluid dynamics like mesoscale-positive vertical velocities (Rodríguez et al., 2001) . On the other hand, if phytoplankton with settling velocities >1 m day -1 are concentrated at the bottom of the mixed layer, larger-scaled turbulence events recover cells and disperse them in the mixed layer (Ruíz et al., 1996) , resulting in a net upward motion.
In this context, it is worth noting that C. wailesii is present at the shallowest stratified station (Station 3) and at Station 1 where the UML reaches the sediment. Accordingly, at Station 1, the C. wailesii population might be composed of active growing cells and resuspended resting cells from the sediment. The elevated biovolume of C. wailesii close to the seafloor at Station 3 suggests that cell resuspension may also contribute significantly to the total phytoplankton biovolume.
Resuspension is a common process that affects total primary production (Shaffer and Sullivan, 1988) , the microbial food web (Garstecki et al., 2002) , net sedimentation rates on (Smayda, 1970) and growth-loss rate ratio (r/r l ) calculated with the growth rate of 0.41 day À1 at 118C and a salinity of 35 (Nishikawa et al., 2000) Fig. 6 . Growth-loss rate balance spectra for Stations 1, 3 and 4. r max was calculated allometrically following Sarthou et al. (Sarthou et al., 2005) ; r max =3.4v -0.13 (day -1 ). The loss rate r l (day -1 ) was calculated by dividing the settling velocity (v s =2.48r 1.17 (cm s -1 ) ( Jackson, 1998 in Kiørboe, 1993 by the mixing layer depth (z m ).
the seafloor (Christiansen et al., 1997) and lateral particulate organic carbon fluxes on the continental slope of the Celtic Sea (Antia et al., 1999) . According to our findings, resuspension promotes the bloom of large cells when the UML reaches TD and might modify the plankton SAS, resulting in it departing from the linear shape usually found. This observation would also be consistent with the highest primary production rate described by Pemberton et al. (Pemberton et al., 2004) for the same station. As stratification occurs, the depth of the UML becomes shallower, and decreasing nutrient availability would increase settling velocities and reduce the growth rate, forcing the larger cells to settle out of the UML. Theoretical approaches (Silvert and Platt, 1978; Silvert and Platt, 1980; Borgmann, 1987) predict that perturbation of the phytoplankton SAS propagates along the planktonic spectrum, as observed empirically by Rodríguez et al. (Rodríguez et al., 1987) in coastal waters of the Mediterranean Sea. In the present paper, the perturbation of the linear SAS occurs at the upper extreme of the phytoplankton size spectrum (300 mm ESD). Owing to their size and elevated settling velocity, C. wailesii escape from grazing pressure better than smaller cells, and a considerable part of the observed perturbation of the SAS might not propagate along the planktonic size spectrum but sinks to the seafloor. Such cells can serve as a seeding population during the next mixing process or enter into the lateral particulate organic carbon fluxes at the continental slope of the Celtic Sea described by Antia et al. (Antia et al., 1999) .
C O N C L U S I O N S
The unusual peak of cells around 300 mm is because of an active growing C. wailesii population. The consideration of growth rate, sinking velocity and mixing layer depth allows us to determine which part of the microphytoplankton size spectra can persist in the UML (growth-loss balance is positive) and which part sinks out (growth-loss balance is negative). TD seems to be a key factor for explaining the development of large-celled phytoplankton blooms, either due to the presence of seeding population on the seafloor or due to the prevention of cell lost to deep water. Perturbation at the upper extreme of the phytoplankton SAS might not propagate along the planktonic SAS but rather settle down to the seafloor.
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